Cellular therapies are becoming a major focus for the treatment of demyelinating diseases such as multiple sclerosis (MS), therefore it is important to identify the most effective cell types that promote myelin repair. Several components contribute to the relative benefits of specific cell types including the overall efficacy of the cell therapy, the reproducibility of treatment, the mechanisms of action of distinct cell types and the ease of isolation and generation of therapeutic populations. A range of distinct cell populations promote functional recovery in animal models of MS including neural stem cells and mesenchymal stem cells derived from different tissues. Each of these cell populations has advantages and disadvantages and likely works through distinct mechanisms. The relevance of such mechanisms to myelin repair in the adult central nervous system is unclear since the therapeutic cells are generally derived from developing animals. Here we describe the isolation and characterization of a population of neural cells from the adult spinal cord that are characterized by the expression of the cell surface glycoprotein NG2. 
AbstrAct
Cellular therapies are becoming a major focus for the treatment of demyelinating diseases such as multiple sclerosis (MS), therefore it is important to identify the most effective cell types that promote myelin repair. Several components contribute to the relative benefits of specific cell types including the overall efficacy of the cell therapy, the reproducibility of treatment, the mechanisms of action of distinct cell types and the ease of isolation and generation of therapeutic populations. A range of distinct cell populations promote functional recovery in animal models of MS including neural stem cells and mesenchymal stem cells derived from different tissues. Each of these cell populations has advantages and disadvantages and likely works through distinct mechanisms. The relevance of such mechanisms to myelin repair in the adult central nervous system is unclear since the therapeutic cells are generally derived from developing animals. Here we describe the isolation and characterization of a population of neural cells from the adult spinal cord that are characterized by the expression of the cell surface glycoprotein NG2. In functional studies, injection of adult NG2 + cells into mice with ongoing MOG 
INtrODUctION
Cell therapies for central nervous system (CNS) insults are becoming recognized as an important approach to facilitating functional recovery [1] [2] [3] [4] [5] . Such studies raise issues about the most effective population of cells and defining their mode of action. We have previously described the functional benefit of bone marrow-derived mesenchymal stem cells (MSCs) in animal models of experimental autoimmune encephalomyelitis (EAE) and proposed that these cells both suppress the immune response and promote the development of myelinating oligodendrocytes from neural stem cells (NSCs) [6] . Similar functional benefits have been described following treatment of animals with NSCs [7, 8] .
Bone marrow is not the only source of MSCs and such cells have been isolated from adipose and a number of other tissues [9] [10] [11] [12] although in lower numbers. One hypothesis that has gained considerable attention is that MSCs are found in all tissues and that they represent pericytes that are closely associated with tissue vasculature [13] . Consistent with this hypothesis, both MSCs and pericytes express a number of stem-cell properties. For example, MSCs are multipotent and give rise to a variety of different cell types [14] [15] [16] . In general, bone marrow-derived MSCs generate cells associated with mesodermal derivatives including cartilage, muscle and connective tissue. Likewise in the CNS, vascular or capillary-associated pericytes have stem cell-like properties [17] and those derived from the developing retina or CNS capillaries give rise to cells with properties of mesodermal or ectodermal derivatives [18] [19] [20] suggesting they are capable of generating diverse cell types including neurons and oligodendrocytes, the myelinating cells of the CNS [21, 22] .
One characteristic shared by pericytes and the precursors of oligodendrocytes (OPCs) is the expression of the cell surface glycoprotein NG2 [23] [24] [25] . The NG2 protein was originally defined by antibodies directed against surface proteins in a rat cell line with glial and neuronal properties [26] , and more recently has been shown to identify a population of cells in both the developing and adult CNS that have the capacity to generate oligodendrocytes [27] . These adult OPCs or polydendrocytes [28] , which may constitute up to 5% of the cells in the adult rodent CNS, have unique properties in that they are multi-processed, electrically coupled to axons, and have been proposed to modulate neuronal connectivity in the CNS [29] . The most intense expression of NG2 in the adult CNS is, however, on pericytes associated with the vasculature [30] where they are thought to play a role in regulating tissue homeostasis [31] [32] [33] and the blood-brain barrier [34, 35] .
Given that NG2 is expressed by cells with stem celllike properties [36] and other stem cell populations promote functional recovery in models of demyelinating diseases,
we developed an isolation protocol that allows for the selection of NG2 + cells from the adult mouse spinal cord and characterized their functional properties.
MAtErIALs AND MEtHODs

Animals
All cell cultures were obtained from 6-8-week-old C57BL/6 mice using techniques approved by the Institutional Ani- [37] were used as hosts following induction of EAE. 
Purification of Mouse
Antibodies
Polyclonal rabbit anti-NG2 chondroitin sulfate proteoglycan was from Millipore, Billerica, MA (Cat. no. AB5320).
Monoclonal rabbit anti-PDGFβ-receptor was from AbCam, 
Immunofluorescence and Microscopy
Cell cultures were fixed in 5% acid methanol (−20°C) for [38] . All stained cells and spinal cord sections were imaged with a Leica microscope (DM5500B) and analyzed with Leica Microsystem (CH-9435).
EAE Induction and Animal Groups
Peptide of myelin oligodendrocyte glycoprotein, MOG (MEVGWYRSPFSRVVH LYRNGK-COOH), was from Unit- immunization at the peak of clinical disease [3] . Animals in both groups were scored daily for clinical symptoms of EAE as follows: 0, healthy; 1, loss of tail tone; 2, ataxia and/or paresis of hindlimbs; 3, paralysis of hindlimbs and/or paresis of forelimbs; 4, tetraparalysis; 5, moribund or dead [8] .
Animals were tested daily for 48 days after the onset of clinical symptoms. For histopathological and immunohistochemical analyses, spinal cords from both NG2 + celltreated and control animals with the best functional scores were selected.
Preparation of EAE slice cultures and EAE-conditioned Media
For slice cultures, brains were isolated from 8-week-old mice with ongoing EAE and 1-mm coronal slices (EAE-S)
were cut on a Vibratome (Leica, VT1000S). Slices were placed on PLL-coated dishes (3 slices/dish) with DMEM/ F12, 15% horse serum and 2% GN2 (Gibco, Cat. no.
17504-044) [39] . The medium was changed every other day and collected after 48 h of incubation and defined as EAEconditioned medium (EAE-CM). Media were pooled and stored at −20°C prior to use. For NG2 + cell differentiation, passage 2 NG2 + cells were allowed to expand in either EAE-CM or EAE-S for 3-7 days, and assayed for the proportion of cells expressing the mature oligodendrocyte markers O1, CC1, and MBP as described above.
statistical Analysis
All experiments were conducted in triplicate and repeated at least twice. To quantify the cellular composition of cultures, four experiments were performed in duplicate within each experiment at each passage. All data are presented as mean ± SEM, and statistical significance was defined as P <0.05 by Student's t-test [40] . Group means and standard deviations were calculated for each parameter. Statistical differences between two groups were evaluated using the two-tailed Student's t-test. Differences were considered statistically significant when the P value was <0.05. (Fig. 1A ) [41] . When the cells reached confluence, they were passaged and most of the passaged cells assumed a rhomboid morphology (Fig. 1B) . To characterize these cells in more detail, cultures were labeled with antibodies to cell-type-specific markers including NG2 and platelet-derived growth factor-beta receptor (PDGFR-β)
to identify pericytes, the endothelial cell marker, VWF (von Willebrand factor) and antibodies to GFAP (glial fibrillary acidic protein), a characteristic of adult spinal cord astrocytes. By the second passage >98% of the cells were labeled with antibody to NG2 (Fig. 1C) and >80% of the NG2-expressing cells were co-labeled with antibody to PDGFR-β (Fig. 1D) . By contrast, <3% of the NG2-expressing cells were positive for VWF (Fig. 1E) . To determine whether the cultures contained substantial numbers of astrocytes, they were labeled with antibody to GFAP, an intermediate filament found predominantly in astrocytes in the adult spinal cord. Less than 2% of second passage NG2 + cells expressed detectable levels of GFAP (Fig. 1F) suggesting there were few astrocytes in these cultures. These results suggested that our purification procedure yielded cells that shared some characteristics with pericytes.
Purified Adult NG2 + cells remained Undifferentiated Over Many Passages
To determine whether the phenotype and fundamental properties of adult NG2 + cells changed during long-term culture as has been reported for pericytes [42] , cells from low (P1) and high (P8) passage numbers were compared with respect to morphology, proliferation rate and phenotype.
The NG2 + cells retained similar characteristics through the 8 passages. For example, the morphology was similar for P1 and P8 cells and both cell populations strongly expressed NG2 (Fig. 1G) . Somewhat unexpectedly, the P8 passage cells had a slightly higher mitotic index (~80% per 18-h pulse) than the P1 cells (~57% per 18-h pulse)
suggesting that these cells retained a robust proliferative capacity (Fig. 1H ). Since these cells initially shared some characteristics with pericytes, the expression of α-SMA was compared between P1 and P8 cells (Fig. 1I) . In P1 cultures,
19.1 ± 5.5% of the cells expressed α-SMA and this proportion decreased to 10.2 ± 3.5% in P8 cultures (Fig. 1J) suggesting not only no enhancement of differentiation with increased passage number but also some loss of mature pericyte characteristics with extended culture. Less than 2%
of the NG2 cells at either passage number expressed detectable levels of oligodendrocyte lineage markers (PDGF-αR, Sox10 or olig-1). Given the lack of evident differences in the cell population up to P8, all subsequent studies were conducted with cells at P8 or lower.
NG2 + cells Improved Functional recovery and Promoted remyelination in EAE
To determine if adult NG2 + cells had the capacity to promote remyelination in the setting of adult CNS demyelination, the functional effects of intravenous infusion of cells into mice with ongoing MOG 35-55 -induced EAE was assayed. Cells were engrafted 15 days after the induction of EAE, at the peak of the disease, and the animals were evaluated histologically up to 47 days after engraftment.
The MOG paradigm generated functional deficits that developed 8 days after initial immunization, plateaued after 15-16 days and remained relatively constant in control animals treated with PBS ( Fig. 2A) . By contrast, in animals that received NG2 + cells on day 15, a considerable functional improvement was seen within 5 days and this was maintained for the duration of the study ( Fig. 2A) . To determine whether the functional improvement was associated with the migration of adult NG2 + cells into the CNS, cells
were labeled prior to injection into PLP-EGF host animals.
Within 24 h, labeled cells were detected in white-matter tracts of the brain and spinal cord (Fig. 2B) , particularly in (Fig. 2C, D) and the levels of endogenous myelin expression as revealed by expression of EGFP in the PLP-EGFP hosts were elevated in those that received adult NG2 + cell transplants (Fig. 2E, F) . To assess the extent of immune cell infiltration, sections were labeled with antibodies to CD3, a T lymphocyte marker. In lesion areas, the number of CD3 + T cells was reduced four-fold in animals treated with NG2 cells compared to controls (Fig. 2G, H) . animals, 48 h after cell treatment, lesion areas containing transplanted cells had a >25% increase in the number of PLP-EGFP oligodendrocyte lineage cells compared to regions devoid of transplanted cells (Fig. 2I, J) . These data suggest that NG2 + cells have the capacity to suppress inflammation and promote myelin repair in the adult CNS.
NG2 cells Generated Oligodendrocytes in response to
EAE-Induced cues
The enhancement of myelination and the increase in PLP- CNPase (Fig. 3D, E) . These findings suggested that NG2 The in vivo correlate of the isolated NG2 + cells is currently unclear although they share several characteristics with pericytes but relatively few with adult OPCs [43] . First, they expressed both NG2 and PDGFR-β [44] . While OPCs can also be identified by the expression of NG2, they are characterized by the expression of the PDGFR-α and their major mitogen is PDGF-AA [45, 46] . Second, in early passages, a small proportion of the cells expressed α-SMA, a characteristic shared with pericytes and not OPCs. This expression was lost with later passage (P8), suggesting its expression is not irreversibly constitutive to the cells. Third, the morphology of the cells was not consistent with that of OPCs. In vitro, OPCs are largely bipolar with long processes and are highly motile [47] . As OPCs are cultured, the number of processes increases but they seldom assume a flattened morphology such as that expressed by the NG2 [3, 6, 48] .
Similarly, NSCs promote functional recovery in EAE, suggesting that this is a common characteristic of stem cells [8, 49, 50] . In both cases, modulation of the immune response is associated with the promotion of repair. A clear function of MSCs is to promote a switch in the immune response from a Th1-based pro-inflammatory to a Th2 antiinflammatory response [3, 6] . macrophage-induced collapse [51] . In addition, it may be that in the setting of demyelination, NG2 + cells home in on areas of insult and differentiate into oligodendrocytes that contribute to myelin repair [52] . [54] [55] [56] , while in mouse models of neuronal degeneration such as hereditary amyotrophic lateral sclerosis, a variant of the fatal motor neuron disease [57, 58] , there is also no strong evidence that NG2 + cells generate astrocytes although they appear to generate oligodendrocytes [59, 60] .
In conclusion, using a novel Percoll gradient approach we have isolated a population of cells from the adult mouse spinal cord that promotes functional recovery in EAE, an animal model of demyelinating diseases, and promotes regeneration in spinal cord injury. These cells share some 
